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Abstract 

The  crystal  structure  and  electrical  properties  of  stoichiometric  perovskite  proton  conductors  SrCei_A  Yx03_^  (where  x  =  0.025,  0.05, 
0.075,  0.1,  0.15,  and  0.2  and  S  =  x/2)  and  substoichiometric  Sro.995Ceo.95Yo.o5C>3-,5  have  been  investigated.  The  conductivities  of  the 
samples  were  measured  as  a  function  of  the  partial  pressure  of  oxygen  at  600  and  800  °C,  and  at  two  water  vapor  pressures  (PhiO  =  0.01 
and  0.001  atm).  A  Pq2  range  of  1  atm  (pure  O2)  to  approximately  1  x  10-25  atm  (N2/H2  mix)  allowed  for  the  separation  of  n-(electron), 
p-(hole),  and  i-(ionic)  type  conductivities. 

In  the  case  of  stoichiometric  perovskite  proton  conductors,  the  unit  cell  volume  (UCV)  and  calculated  density  decrease  with  increasing 
yttrium  content.  The  ionic  and  p-type  components  of  the  conductivity  show  threshold  effect  with  Y -doping,  which  may  be  related  to  the 
double  substitution  of  Y  on  both  A-  and  B-sites.  A  maximum  ionic  conductivity  of  5  mS/cm  is  found  at  10%  Y,  whereas  p-type  conductivity 
increases  with  increasing  yttrium  concentration.  A  conductivity  component  appearing  at  low  oxygen  partial  pressures  decreases  with  yttrium 
doping.  The  substoichiometric  material  showed  a  drop  in  unit  cell  volume  of  approximately  0.34  A3  compared  to  its  stoichiometric  partner. 
The  conductivity  components  of  substoichiometric  material  are  higher  than  the  conductivities  of  corresponding  stoichiometric  material, 
being  approximately  7  mS/cm  for  both  Ph2o  levels. 

©  2004  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Mixed  conducting  protonic  ceramic  materials  are  of  con¬ 
siderable  interest  for  applications  in  hydrogen  sensors,  elec- 
trocatalytic  reactors  for  hydrogen  separation,  steam  elec¬ 
trolyzes,  and  as  electrolytes  in  intermediate  temperature  fuel 
cells  operating  on  hydrocarbon  fuels  [1], 

The  systematic  investigation  of  proton  conducting  per¬ 
ovskite  type  oxides  started  with  the  work  of  Takahashi  and 
Iwahara  in  1980  [2],  Several  oxides  have  been  shown  to 
be  good  conductors,  the  most  well  known  of  these  are  the 
acceptor  doped  Sr  and  Ba  cerates,  and  Sr,  Ba,  and  Zr  zir- 
conates.  These  oxides  have  been  investigated  for  possible 
use  in  SOFC,  hydrogen  separation  membranes,  and  hydro¬ 
gen  sensors  [3-7], 

A  typical  example  of  a  proton  conducting  oxide  of  this 
class  is  the  substituted  solid  solution  material  based  on  the 
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perovskite  oxide  SrCeC>3,  SrCe0.95Yb0.05O2.975,  which  ex¬ 
hibits  protonic  conduction  in  water  and  hydrogen  containing 
atmospheres  at  elevated  temperatures  [3], 

This  material  is  a  substituted  solid  solution  based  on  the 
perovskite-type  oxide  SrCe03,  in  which  Yb  replaces  5% 
of  Ce.  Other  perovskite-type  oxides  based  on  SrCe03  and 
BaCeC3,  in  which  tnvalent  cations  are  partially  substituted 
for  cerium,  are  also  protonic  conductors  under  the  same 
conditions  described  above  [8,9].  The  general  formula  is 
written  as  SrCei_AMAC>3_,5  or  BaCei_AMA03_,5,  where  M 
is  a  rare  earth  element,  x  is  less  than  its  upper  limit  of  solid 
solution  formation  range  (usually  less  than  0.2),  and  S  is 
the  oxygen  deficiency  per  unit  formula,  normally  x/2.  Their 
protonic  conductivities  in  hydrogen  atmosphere  are  of  the 
order  of  10“  3  to  10“2  S/cm  at  600-1000  °C  [10], 

After  the  discovery  of  SrCeC>3  based  protonic  conduc¬ 
tors,  KTaC>3-based  oxides  [11]  were  reported  to  have  pro¬ 
tonic  conduction  at  high  temperatures  (3.5  x  10-3  S/cm), 
although  the  conductivities  were  not  as  high  as  those  of  the 
cerate-based  perovskite  type  oxide  ceramics.  Some  doped 
zirconates  based  on  CaZrC>3,  SrZrC>3,  or  BaZrC>3  [12]  were 
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also  confirmed  to  exhibit  the  same  behavior  as  the  cerates 
although  their  conductivities  were  rather  low. 

Among  the  oxides  described  above,  BaCeC>3-based  ce¬ 
ramics  show  the  highest  conductivity,  approximately,  5.5 
x  10-1  S/cm  at  1000 °C  for  BaCe0.9Ndo.i03_a  [10].  How¬ 
ever,  the  contribution  of  oxygen  ions  to  the  total  conduc¬ 
tion  increases  markedly  as  the  temperature  is  raised  [13-15]. 
At  100  °C,  although  the  conductivity  of  BaCeCV  based 
ceramics  is  rather  low  (approximately,  9.5  x  10-1  S/cm 
[10]  the  transport  number  of  protons  is  higher  than  that  of 
BaCeCH -based  ceramics. 

Novick  and  Du  [16],  have  reported  a  series  of  protonic 
conductors  of  the  types  A2(B,B")C>3  and  A3(B'B")09  in 
which  the  A  ions  are  always  charged  2+  and  B'B"  ions  have 
3+  and  5+  in  the  former  system  and  2+  and  5+  in  the  latter 
system.  In  all  these  systems,  domains  of  different  conduc¬ 
tivity  (ionic,  electron,  or  hole  conduction)  can  be  observed, 
depending  on  the  partial  pressures  of  oxygen,  water  vapor, 
and  temperature. 

SrCe03  based  ceramic  electrolytes  have  been  extensively 
investigated  both  electrically  and  structurally,  due  to  the  in¬ 
terest  in  their  proton  conducting  properties  [5].  However, 
little  information  exists  on  the  effect  of  dopant  concen¬ 
tration  on  each  separate  constituent  of  the  total  conduc¬ 
tivity. 

In  ABO3  perovskite  type  systems,  when  the  A-site  is  sub¬ 
stituted  with  an  appropriate  lower  valency  cation,  oxygen 
vacancies  are  formed  to  maintain  electroneutrality.  Doping 
of  the  B-site  in  an  ABO3  perovskite  with  acceptor  dopants  is 
expected  to  increase  the  conductivity  due  to  increased  oxy¬ 
gen  vacancies,  protons  and  holes,  but  the  full  relevance  and 
effects  of  this  influence  are  not  still  clear. 

The  objective  of  this  work  was  to  study  a  SrCeOr-based 
system,  mainly  stoichiometric  SrCei_vYv03_3  (where  x 
=  0.025,  0.05,  0.075,  0.1,  0.15,  and  0.2,  and  8  =  x/2)  and 
substoichiometric  Sro.995Ceo.95Yo.o503_3,  and  resolve  the 
total  conductivity  into  its  n-(electron),  p-(hole),  and  i-(ionic) 
type  conductivities.  Each  constituent  was  studied  with  re¬ 
gard  to  changing  yttrium  concentration  and  partial  pressure 
of  water. 


2.  Experimental 

2.1.  Synthesis  of  protonic  conductive  ceramics 

The  materials  synthesized  were  stoichiometric  SrCeCH 
based  proton  conductor  perovskites  consisting  of  SrCei_A 
Yx03-s  (x  =  0.025,  0.05,  0.075,  0.1,  0.15,  and  0.2,  and  8 
=  x/2)  and  substoichiometric  Sro.ggsCeo.gsYo.osOs-^.  The 
values  of  x  were  chosen  to  represent  the  range  over  which 
doping  has  the  most  effect  on  increasing  the  defect  concen¬ 
tration  (being  0-200%)  of  dopant  without  adversely  affect¬ 
ing  the  overall  stoichiometry,  i.e.,  causing  any  second  phase 
development  by  exceeding  the  upper  limit  of  solid  solution 
formation. 


All  samples  were  processed  using  a  solid-state  reaction. 
The  reagents,  SrCC>3,  CeCT.  and  Y2O3  were  dried  for  20  h 
at  150  °C  and  mixed  in  an  agate  ball  mill.  The  calcination  re¬ 
actions  were  carried  out  in  two  steps,  1000  and  1300  °C  with 
agate  ball  milling  of  30  min  and  1  h,  respectively,  between 
each  calcination  step.  Dispersant  (0.5  g  PVP  dissolved  in  1  g 
ethanol  per  lOOg  powder)  was  mixed  into  the  powder,  fol¬ 
lowed  by  10  min  of  high  speed  ball  milling  and  the  samples 
were  than  formed  into  pellets  of  10  mm  diameter  and  ap¬ 
proximately  2  mm  thickness.  Samples  were  then  sintered  at 
1500  °C  for  1 1  h.  The  surfaces  of  all  the  pellets  were  ground 
to  a  dull  polished  surface  using  SiC  grinding  papers  with  a 
grid  of  1000  and  4000#.  Pellets  were  then  coated  with  plat¬ 
inum  paste  (Demetron  Einbrennplatin  308A)  and  heated  at 
3  °C/min  to  1 125  °C  for  2  h. 

2.2.  Evaluation  of  crystal  structure  and  cell  parameters 

X-ray  powder  diffraction  was  performed  at  room  tem¬ 
perature  on  a  STOE  theta-theta  reflection  diffractometer 
equipped  with  a  Peltier  cooled  Kevex  energy  dispersive  de¬ 
tector;  Cu  Ka  radiation  was  used.  The  powdered  samples 
were  mixed  with  Si-standard.  Unit  cell  dimensions  were 
determined  by  the  least  squares  method  included  in  the 
Visual-XPow  Stoe  Software,  which  also  allowed  for  adjust¬ 
ment  of  a  zero-shift  in  2-theta  (were  typically  below  0.02°). 
X-ray  diffraction  data  was  used  to  confirm  that  the  materi¬ 
als  were  single  phase,  and  to  allow  calculation  of  the  lattice 
constants  of  the  materials. 


2.3.  Evaluation  of  theoretical  density 


Density  measurements  of  the  sintered  samples  were  ob¬ 
tained  using  the  standard  Archimedes  technique.  In  this 
method,  the  weight  of  a  pelletized  specimen  is  recorded  be¬ 
fore  and  after  boiling  in  distilled  water.  The  pellet  is  then 
suspended  in  water  and  re-weighed.  The  bulk  density  ( B )  is 
calculated  using  equation: 


B= 


Wd 

Ww-Ws 


(1) 


where  VV'ti  is  the  weight  of  dry  sample;  Ww  the  weight  of  wet 
sample;  and  1YS  is  the  weight  of  sample  suspended  in  water. 

The  theoretical  density  7d  was  calculated  from  the  equa¬ 
tion: 


ZMC 

VcNa 


(2) 


where  Z  is  the  number  of  chemical  species  in  the  unit  cell; 
Me  the  molar  mass  of  a  single  chemical  species  correspond¬ 
ing  to  the  chemical  formula  (gmol-1);  Vc  the  unit  cell  vol¬ 
ume  (UCV)  (A3);  Na  the  Avogadro’s  number  (6.0221  x 
1023  mol-1).  The  cell  parameters  were  calculated  using  or¬ 
thorhombic  symmetry  and  Z  =  4.  Theoretical  densities  were 
estimated  from  XRD  patterns  using  d  spacing  and  a  UNIT¬ 
CELL  program  parameter  calculation.  Unit  cell  dimensions 
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were  determined  by  the  least  squares  method  included  in  the 
Visual-Xpow  Stoe  software,  which  allowed  for  adjustment  of 
a  zero-shift  in  2-theta  (typically  below  0.02°).  The  percent¬ 
age  theoretical  density  (p%)  was  calculated  using  equation: 

p=—  x  100%  (3) 

Td 

2.4.  Evaluation  of  electrical  conductivity 

The  electrical  conductivity  of  the  synthesized  samples  was 
determined  as  a  function  of  oxygen  partial  pressure  Pq,  at 
400-800  °C  range  in  two  different  atmospheres  (Ph,o  = 
0.01  and  0.001  atm)  for  each  of  the  samples.  A  Pq 2  range 
of  1  atm  (pure  O2)  to  approximately,  1  x  10-25  atm  (N2/H2 
mix)  allowed  for  the  separation  of  n-(electron),  p-(hole), 
and  i-(ionic)  type  conductivities.  A  schematic  of  the  overall 
PH'>o/  Po->  testing  apparatus  is  given  in  Fig.  1,  where  the 
dashed  line  represents  the  flow  of  gas  through  from  the  gas 
mixer  to  the  sample  and  then  out  to  the  extraction  system 
after  testing. 

The  conductivity  rig  design,  utilizes  a  pseudo  four-point 
terminal  system  (a  four  wire,  two  electrode  measurement 
system)  to  minimize  the  resistance  due  to  wires,  and  could 
be  run  up  to  1000  °C.  The  data  presented,  therefore,  ex¬ 
cluded  the  lead  resistance,  but  included  the  electrode  con¬ 
tact  resistance.  The  computer  program,  FCL  was  used  to 
control  the  overall  experiment  setup,  as  shown  in  Fig.  1. 
The  computer  accessed  a  multiplexer  (3421 A  data  acquisi¬ 
tion/control  unit  by  Hewlett  Packard)  containing  a  number  of 
channels,  which  could  access  each  piece  of  equipment  sep¬ 
arately.  The  system  automated  measurement  readings  from 
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Fig.  1.  Schematic  of  overall  pi.o/A),  testing  apparatus  where,  (1)  com¬ 
puter  control  of  mass  flow  controllers  for  automated  gas  mixing;  (2)  tem¬ 
perature  thermocouple  to  refrigerator  (constant  11  °C);  (3)  ac  impedance 
cables  connected  to  sample  in  furnace;  (4)  temperature  thermocouple  sit¬ 
uated  at  sample  in  testing  rig;  (5)  temperature  thermocouple  situated  in 
furnace  outside  testing  rig;  (6)  Ph2o  dew-point  meter  readings  in  percent 
atmospheres;  (7)  Pq,  readings  in  mV;  (8)  gas  flow  (total  lOOmL/min) 
exhaust  to  extractor. 


20 

/—v 

S  15  1 

1 

1  10 


5 


Grtin 

Bulk  Boundary 


t\^/m 


10  20  30  40 

Z-real  [ohm]  (xlO'3) 


50 


Fig.  2.  Nyquist  diagram  showing  real  and  fitted  data  for  a  SrCeCb  based 
sample  at  200  °C.  (x)  Fitted  data,  (•)  actual  data  points,  fit  very  close 
to  actual). 


Pi  1,0  meter,  Po2  meter,  and  of  the  control  gas  flow  and  over¬ 
all  control  of  the  Solartron  1360  ac  impedance/gain  phase 
analyzer. 

Brooks  mass  flow  controllers  (5850TR  series)  with  a 
range  of  100,  50,  and  lOmL/min  were  computer  controlled 
by  the  FCL  program,  thus,  flow  rates  could  be  automatically 
monitored  and  changed  throughout  the  experiment. 

Conductivity  measurements  were  undertaken  in  the 
frequency  range  0.1  Hz  to  1  MHz  using  Solartron  1360 
impedance/gain  phase  analyzer. 

When  an  ac  impedance  sweep  is  generated  at  lower  tem¬ 
peratures,  it  is  possible  to  resolve  a  curve,  which  represents 
bulk,  grain  boundary  and  electrode  impedance  as  shown  in 
Fig.  2.  Using  this  data  for  each  sample  at  two  variables  (tem¬ 
perature,  P(>, ,  /jpo  =  0.01  atm)  the  corresponding  conduc¬ 
tivities  were  corrected  for  the  relative  density  of  each  sample 
according  to  the  linear  relationship  established  in  previous 
work  [17]: 

crr=cr1[l  —  3(1  —  d.)]  (4) 

where  o\  is  the  conductivity  of  a  100%  dense  pellet  and 
d  is  the  ratio  of  measured  to  theoretical  density.  The  latter 
was  calculated  from  the  formula  molar  mass,  the  number  of 
formula  in  a  unit  cell  and  the  unit  cell  volume  as  measured 
by  X-ray  diffraction.  The  conductivity  at  100%  density  was 
determined  by  solving  the  equation  for  crj.  Plots  of  log  P(>, 
versus  conductivity  were  generated  for  each  sample  at  each 
temperature  and  Ph2o  value.  From  these  plots,  a  curve  fit 
was  generated  that  allowed  for  the  resolution  of  p,  n,  and  i 
values.  The  preliminary  data  obtained  in  this  work  show  that 
resolution  of  the  total  conductivity  down  to  its  constituent 
elements  allows  studying  the  effect  on  conductivity  with 
changing  dopant  concentration. 


3.  Results  and  discussion 

3.1.  Unit  cell  volume  and  density  study  of  SrCe\-xYxO?,-§ 
and  substoichiometric  SrCeo.95Fo.o5<93 

The  results  of  X-ray  diffraction  studies  for  powdered 
samples  of  SrCei_^Y^03_5  (x  =0.025,  0.05,  0.075, 
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x  in  SrCei.xY.Oa.tfj 

Fig.  3.  Plot  of  unit  cell  volumefA3)  vs.  x  in  SrCei_AYcCF_^.  (•)  This 
study,  (♦)  high-resolution  neutron  diffraction  [20],  (A)  neutron  diffraction 
[21],  (□)  powder  XRD  [23], 


0.1,  0.15,  and  0.2,  and  8  =  a/2)  and  substoichiometric 
Sr0.995Ce0.95Y0.05O3— ,5  are  given  in  Fig.  3.  The  calculated 
cell  volume  of  undoped  SrCe03  is  compared  to  the  data 
obtained  previously  by  means  of  high-resolution  neutron 
diffraction  [18],  neutron  diffraction  [19]  and  powder  XRD 
[20], 

The  three  unit  cell  volume  determinations  for  undoped 
SrCe03  differ  by  almost  0.6  A3  which  is  above  the  experi¬ 
mental  uncertainties  of  the  high  resolution  X-ray  and  neutron 
diffraction  measurements  and  can  most  likely  be  ascribed  to 
slight  deviations  in  A/B  of  the  three  systems. 

The  data  presented  in  Fig.  3  shows  a  linear  decrease  of 
unit  cell  volume  from  x  =  0.025  to  0.20.  The  effective  ionic 
radius  of  Y3+  is  0.90  A,  which  is  larger,  compared  to  0.87  A 
for  Ce4+  cation.  The  fact  that  the  lattice  contracts  when 
cerium  is  replaced  by  a  slightly  larger  ion  can  only  be  in¬ 
terpreted  as  a  result  of  tilting,  or  more  efficient  packing  of 
the  B-O  octahedra,  and/or  relaxation  of  the  ions  around  the 
oxygen  vacancies  introduced  by  doping.  A  similar  study  on 
NaCei_vNdv03_y/2  also  showed  a  decrease  in  the  unit  cell 
volume  from  y  =  0  to  0.12,  although,  in  this  case  the  mis¬ 
match  between  the  radius  of  Nd3+  (0.983  A)  and  Ce4+  is 
even  larger. 

The  liner  relationship,  extrapolated  to  x  —  0,  is  clearly 
0.6-1 .2  A3  below  the  three  determinations  for  undoped 
SrCeC>3.  Given  that  no  change  in  space  group  occurs  upon 
doping  [19],  the  observed  variation  could  be  due  to  order¬ 
ing  of  the  Y2O3  dopant.  It  could  also  be  due  to  substitution 
of  a  small  amount  of  Y3+  on  the  A-site,  accompanied  by 
evolution  of  a  small  amount  of  Sr-rich  phase.  The  ionic 
radius  of  Y3+  is  available  only  for  coordination  of  5-9,  not 
12,  observed  for  the  perovskite  A-site.  Extrapolation  from 
the  available  data  indicates  that  the  ionic  radius  of  Y3+ 
in  12-fold  coordination  would  be  1.25  A,  well  below  that 
of  Sr  (1.44  A)  in  the  same  coordination.  Thus,  it  may  be 
inferred  that  substitution  of  Y2O3  on  the  A-site  wilf  reduce 
the  unit  cell  volume.  To  clarify  these  effects,  further  studies 
are  required  at  dopant  levels  below  2mol%. 

However,  it  should  be  noted  that  no  cross-substitution 
effects  have  been  revealed  by  careful  neutron  diffraction 
studies  on  several  doped  cerate  systems  [19]. 


x  in  SrCe1.xY>03.x(2 


Fig.  4.  Percentage  of  theoretical  density  vs.  x  in  x  in  SrCei-^Y^Os-s. 


In  comparison  to  stoichiometric  perovskites,  the  substo¬ 
ichiometric  material  studied,  that  of  Sr0.995Ce0.95Y0.05O3, 
showed  a  drop  in  unit  cell  volume  of  approximately  0.34  A3 
compared  to  its  stoichiometric  partner,  SrCe0.95Y0.05O3. 

Theoretical  density  calculations  using  the  X-ray  data  show 
a  decrease  in  density  with  Y2O3  content  (Fig.  4),  which  may 
be  attributed  to  a  distortion  of  the  unit  cell.  The  requirements 
for  ceramic  electrolytes  are  met  at  a  low  dopant  concentra¬ 
tion  at  x  =  0.02  and  0.05,  and  at  x  —  0.2  where  the  relative 
density  is  in  the  range  97-99%.  In  the  range  from  x  =  0.15 
to  0.075,  the  relative  density  is  less  than  95%,  which  does 
not  meet  the  necessary  requirements. 

3.2.  Electrical  studies  of  proton  conducting  perovskites 

The  electrical  conductivity  in  perovskite  proton  conduct¬ 
ing  oxides  is  known  to  be  rather  complicated  combining  both 
bonding  and  transport  mechanisms.  The  proton  has  a  small 
radius  and  thus,  the  isolated  H  ion  is  not  present  in  solids 
under  equilibrium  conditions.  Due  to  its  strong  polarizing 
power,  H+  is  covalently  bonded  to  one  or  two  electronega¬ 
tive  ions  or  atoms  in  the  surrounding  system.  There  are  at 
least  three  different  bonding  mechanisms  for  the  proton  [21]: 

1.  The  acceptor  site  for  the  proton  may  be  an  ion  of  the 
immobile  lattice. 

2.  The  proton  may  be  attached  to  a  mobile  ion,  for  ex¬ 
ample,  an  oxygen  ion  forming  OH-  (or  OHo*  using 
Kroger- Vink  Notation). 

3.  The  proton  may  be  attached  to  a  mobile  molecule,  such 
as  H2O. 

Along  with  different  bonding  mechanisms,  perovskite- 
based  proton  conductors  support  several  transport 
mechanisms  inducting  both  ionic  and  electronic.  At  low 
temperature,  protonic  ‘hopping’  between  oxide  ions  is  the 
dominant  mechanism,  whereas  at  high  temperatures  ox¬ 
ide  ion  migration  usually  results  in  p-type  or  less  often  in 
n-type  conduction  [22].  Another  mechanism  often  applied 
to  proton  conduction  is  the  ‘vehicle’  mechanism  [17]. 

In  earlier  papers  [5],  the  variation  of  conductivity  with 
oxygen  partial  pressure  for  perovskite  proton  conductors  has 
been  described  as: 

<hot  =  <n  +  er°^02-1/4  +  CTp  A)2 1/4 


(5) 
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Fig.  5.  Schematic  where  o\  represents  the  /Vj2 -invariant  ionic  (i-type) 
component  and  cr®  and  tr®  represents  the  n-  and  p-type  electronic  com¬ 
ponents,  respectively,  extrapolated  to  an  oxygen  partial  pressure  of  1  atm. 


where  atot  represents  the  total  conductivity  of  the  sys¬ 
tem,  tij  the  Po2  the  invariant  ionic  component  and  er° 
and  a®,  represent  n-  and  p-type  electronic  components  re¬ 
spectively,  extrapolated  to  an  oxygen  partial  pressure  of 
1  atm  as  illustrated  in  Fig.  5.  Corresponding  results  for 
Sr0.995Ce0.95Y0.05O2.975  have  been  reported  [19],  which 
indicated  the  existence  of  an  ionic  conductivity  component, 
independent  of  Po2,  and  two  further  components,  designated 
p-  and  n-type  electronic  on  the  basis  of  their  Pq.  dependen¬ 
cies.  A  similar  conclusion  was  reached  with  Yb203-doped 
analogue  [5].  However,  according  to  Ahlgren  [23],  thermo¬ 
electric  power  studies  of  SrCe0.95Y0.05O2.975  did  not  show 
any  indication  of  n-type  conductivity.  Isotope  studies  of 
Sr0.995Ce0.95Y0.05O2. 975  showed  that  the  conductivity  com¬ 
ponent  appearing  at  low  Pq2  displays  an  H/D  isotope  effect 
and,  therefore,  should  be  re-assigned  to  protonic. 

Accordingly,  in  this  work,  the  component  appearing  at 
low  /\),  has  been  provisionally  been  given  the  subscript  “q” 
rather  than  “n”. 

3.2.1.  Electrical  studies  of  stoichiometric  compounds 
SrCei-xYx03-§ 

Pure  SrCe03  has  low  electronic  conductivity  in  an  oxy¬ 
gen  atmosphere  and  does  not  behave  as  a  proton  conductor 
in  a  hydrogen-containing  atmosphere  [24].  Partial  substitu¬ 
tion  by  aliovalent  cations  such  as  Yb3+,  Sc3+,  and  Y3+  for 
the  Ce4+  site  in  the  perovskite-type  crystal  SrCeC>3  play  an 
important  role  in  the  appearance  of  proton  conduction,  how¬ 
ever  increasing  the  dopant  cation  concentration  does  not  au¬ 
tomatically  cause  an  increase  in  total  conductivity. 

Typical  plots  of  electrical  conductivity  in  SrCei_AYA03_a 
at  x  —  0.15  and  0.01  determined  as  a  function  of  Pq2  at 
T=800  °C  and  PhiO  =  0.01  atm  in  the  range  of  Pq2  =  1  to 
1  x  10-25  atm  are  shown  in  Fig.  6a  and  b.  The  solid  lines 
on  each  figure  represent  fits  to  equation  (1),  in  which  the 
exponents  in  the  Pq2  dependencies  of  p-  and  q-type  conduc¬ 
tivity  were  constrained  to  1/4  and  —1/4,  respectively.  The 
results  give  the  conductivity  contributions  from  each  com¬ 
ponent.  Inspection  of  equation  (1)  shows  that  parameters  erp 
and  <7n  have  the  physical  meaning  of  the  respective  conduc¬ 
tivities  extrapolated  to  a  partial  pressure  of  1  atm  as  shown 


Fig.  6.  Plot  of  electrical  conductivity  vs.  Pcb  at  T  =  800  °C  and 
Ph2o  =  0.01  for  SrCei_AYA03„j  (a)  SrCeo.9Yo.1O2.95;  (t>)  SrCeo.85 
Y0.15O2.95- 

by  Fig.  5. The  P02 -independent  ionic  component  a;  Fig.  7a 
and  d,  does  not  vary  linearly  with  doping,  as  might  be  ex¬ 
pected  from  a  simple  point  defect  description.  Instead,  it 
displays  a  maximum  at  x  —  0.10,  where  it  reaches  5  mS/cm. 
The  occurrence  of  the  maximum  has  been  reported  also  for 
other  cerate  systems,  for  example,  BaCei_vGdv03_3  [25]. 
The  effect  could  be  explained  by  the  different  level  of  sat¬ 
uration  of  water  at  different  concentrations  of  dopant.  The 
threshold  effect  has  also  been  reported  for  the  related  sys¬ 
tem  SrCei_A  Yv03_i,  [26]  at  lower  temperatures,  where  the 
conductivity  is  mainly  protonic. 

The  p-type  component,  0°  Fig.  7b  and  e)  shows  the  same 
threshold  as  the  ionic  component,  but  thereafter  increases 
almost  linearly  with  x.  This  is  entirely  consistent  with  the 
behavior  of  a;,  since  both  the  protonic  carriers  and  the  holes 
are  generated  from  oxide  ion  vacancies  according  to  rather 
similar  equations.  The  absence  of  a  maximum  can  be  qualita¬ 
tively  explained  by  the  fact  that  the  holes  are  minority  defects 
and  their  behavior  deviates  less  from  the  predicted  behavior 
than  that  of  protons.  In  the  other  words,  the  oxygen  disso¬ 
lution  equilibrium  1  /4C>2  (g)  +  1  /2Vo**  — 1  /20oA  +  h*  is 
largely  displaced  to  the  left-hand  side,  making  the  hole  con¬ 
centration  low,  and  therefore,  less  affected  by  dopant  con¬ 
centration.  Comparing  Fig.  8b  with  Fig.  8e,  it  can  be  seen 
that  there  is  nearly  a  four  times  increase  in  each  value.  As 
the  charge  carriers  in  this  oxide  are  protons  and  holes,  the 
total  conductivity  atotai  *s  expressed  as  atotai  =  an*  +  erh* 
where  an*  is  the  protonic  component  and  ah*  is  the  p-type 
component  or  hole  conduction.  An  increase  in  water  vapor 
pressure  would  cause  an  increase  in  p-type  conduction. 

The  component  denoted  by  ‘q'  (Fig.  7c)  at  P\\,,o  =  0.01, 
displays  the  opposite  behavior  to  the  p-type  component,  de¬ 
creasing  monotonically  with  doping  level,  indicating  that  it 
is  related  to  the  concentration  of  electrons.  The  decrease  in 
/Jii,0  from  0.01  to  0.001  atm  (Fig.  If)  seems  to  have  little 
effect  on  the  q-type  electronic  conduction. 

Returning  to  the  apparent  threshold  effect  in  doping,  two 
tentative  explanations  have  been  offered  [27].  One  is  that  at 
very  low  doping  levels,  the  yttrium  is  concentrated  at  the 
grain  boundaries  and  is,  therefore,  depleted  in  the  bulk  of 
the  material;  further  addition  of  dopant  produces  the  ex- 
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Fig.  7.  Conductivity  parameters,  as  determined  for  SrCei-^Y^Os-a  (♦)  vs.  at.%  of  yttrium  dopant  (x)  for  (a)  ionic,  (b)  p-type,  and  (c)  q-type  conductivity 
at  T  =  800  °C  and  Ph2o  =  0.01  atm,  and  (d)  ionic,  (e)  p-type  and  (f)  q-type  conductivity  at  T  =  800  °C  and  Ph2o  =  0.001  atm  where  in  each  graph  the 
square  symbol  (I)  represents  the  substoichiometric  material  Sr0.995Ce0.95Y0.05 03-5 . 
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(c)  x  in  SrCe^YxOs-xa  (f)  x  in  SrCei-xYx03-x/2 


Fig.  8.  Conductivity  parameters,  as  determined  for  SrCei-xY^Os-s  (♦)  vs.  at.%  of  yttrium  dopant  (x)  for  (a)  ionic,  (b)  p-type,  and  (c)  q-type  conductivity 
at  T  =  600  °C  and  Ph2o  =  0.01  atm,  and  (d)  ionic,  (e)  p-type  and  (f)  q-type  conductivity  at  T  =  600  °C  and  Ph2o  =  0.001  atm  where  in  each  graph  the 
square  symbol  (I)  represents  the  substoichiometric  material  Sr0.995Ce0.95Y0.05 O3-8 . 
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pected  increase  in  conductivity.  An  alternative  explanation 
is  partial  substitution  of  Y2C>3-dopant  on  A-  and  B-sites, 
which  would  generate  no  oxide  ion  vacancies  and  therefore 
no  ionic  conductivity. 

The  data  presented  in  Fig.  7  does  not  give  cause  for  pre¬ 
ferring  one  or  other  explanation.  On  the  other  hand,  a  small 
degree  of  cross-substitution  of  Y3+  on  the  A-site  would  be 
qualitatively  consistent  with  both  the  observed  discontinuity 
of  the  unit  cell  volume,  and  the  conductivity  threshold  for 
ionic  and  p-type  components. 

Electrical  studies  of  SrCei  _AYA03-,i  for  /Jn,o  =  0.01 
and  0.001  atm  at  T  =  600  °C  (Fig.  8)  show  an  expected  drop 
in  all  conductivity  values,  due  to  higher  impedance  values 
at  lower  temperatures,  and  the  trends.  The  trends  shown  at 
higher  temperatures  for  each  component  appear  to  hold  for 
the  lower  temperature  at  600  °C. 

3.2.2.  Electrical  studies  of  substoichiometric 

^0.995  Ceo. 95  T0.05O3-8 

Figs.  7  and  8  show  electrical  conductivity  data  obtain 
for  non-stoichiometric  cerium  based  oxides  at  800  and 
600  °C,  and  two  partial  pressures  of  water  vapor  (0.01  and 
0.001  atm).  The  square  symbol  represents  the  substoichio¬ 
metric  sample  measurements  for  each  component  in  each 
graph. 

It  can  be  seen  that  these  values  vary  greatly  from  their 
stoichiometric  partner,  SrCe0.95Y0.05O3.  In  all  cases,  the 
conductivity  component  is  higher  than  that  of  the  stoi¬ 
chiometric  material,  except  for  the  q-type  component  at 
Pfj20  =  0.001  atm. 

At  800  °C,  the  Fq, -independent  ionic  component  is  40% 
higher  than  its  stoichiometric  partner,  being  approximately 
7  mS/cm  for  both  partial  pressures  of  water.  The  p-type  com¬ 
ponent  is  also  higher,  nearly  doubling  from  8  to  14  mS/cm 
with  decreasing  Pn^o-The  q-type  component  shows  a  major 
decrease  with  decreasing  Ph20- 

At  600  °C  (Fig.  8),  ionic  conductivity  shows  a  similar 
trend  as  that  observed  for  T  —  800  °C,  but  with  lower  val¬ 
ues.  It  has  been  speculated  that  the  large  deviations  of  each 
conductivity  parameter  caused  by  being  substoichiometric 
on  the  A-site  may  be  attributed  to  an  increase  in  defect 
concentration.  Sub-stoichiometry  on  the  A  site  of  an  ABO3 
stmcture  may  introduce  vacancies  into  the  crystal  structure, 
in  the  same  way  that  doping  with  lower  valence  ion  causes 
vacancies,  however,  more  research  is  needed  to  confirm  this 
assumption. 

4.  Conclusions 

It  has  been  shown,  that  changing  the  yttrium  content  in 
SrCe  1  -xYx03-S  where  x  =  0.025, 0.05, 0.075,  0. 1, 0. 15,  and 
0.2  and  8  =  x/2)  affects  the  electrical  and  structural  prop¬ 
erties  of  the  system.  Unit  cell  volume  and  calculated  den¬ 


sity  decrease  with  increasing  yttrium  content.  In  comparison 
to  stoichiometric  perovskites,  the  substoichiometric  mate¬ 
rial  studied,  that  of  Sr0.995Ce0  95Y0.05O3,  showed  a  drop  in 
unit  cell  volume  of  approximately  0.34  A3  compared  to  its 
stoichiometric  partner,  SrCe0.95Y0.05O3. 

The  ionic  and  p-type  component  of  the  conductivity  show 
threshold  effect  with  Y-doping,  which  may  be  related  to  the 
double  substitution  of  Y  on  both  A-and  B-sites.  A  maxi¬ 
mum  ionic  conductivity  of  5  mS/cm  was  found  at  10%  Y, 
whereas  p-type  conductivity  increases  with  increasing  yt¬ 
trium.  A  conductivity  component  appearing  at  low  oxygen 
partial  pressures  decreases  with  yttrium  doping.  Substoi¬ 
chiometric  Si'o  ggsCeo  gs  Y 0.05O3— 3  has  higher  electrical  con¬ 
ductivity  than  corresponding  stoichiometric  compound,  be¬ 
ing  approximately,  7  mS/cm  for  both  partial  pressures  of  the 
water. 
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